We present a detailed study of thermal and electrical transport behavior of single crystal Titanium disulphide flakes, which belongs to the two dimensional, transition metal dichalcogenide class of materials. In-plane Seebeck effect measurements revealed a typical metal-like linear temperature dependence in the range of 85 -285 K. Electrical transport measurements with in-plane current geometry exhibited a nearly T 2 dependence of resistivity in the range of 10 -300 K. However, transport measurements along the out-of-plane current geometry showed a transition in temperature dependence of resistivity from T 2 to T 5 beyond 200 K. Interestingly, Au ion-irradiated TiS 2 samples showed a similar T 5 dependence of resistivity beyond 200 K, even in the current-in-plane geometry. Micro-Raman measurements were performed to study the phonon modes in both pristine and ion-irradiated TiS 2 crystals.
I. INTRODUCTION
The discovery of graphene lead to an avalanche in research on two dimensional materials.
Recently, the interest has focussed on transitional metal dichalcogenides (TMDCs) which edge over graphene due to properties like non-saturating magnetoresistance, large Seebeck coefficient, high mobility and tunable band gap [1] [2] [3] . TMDCs are layered materials of the form MX 2 , where M and X stand for transition metal and chalcogen, respectively.
While the intra-layer bonding is strong and covalent in nature, the inter-layer bonding is through weak van der Waals forces. Hence these materials are easy to exfoliate and fabricate two dimensional devices. Confinement of electrons to two dimensions results in significant reduction of scattering and hence electronic and thermal conductivity differ remarkably from those in bulk. TMDCs are intriguing class of materials for both fundamental understanding of materials and technological applications. They possess high spin-orbit coupling and hence are useful in spin Hall effect based devices. They are found to exhibit superconducting phase, charge density wave phase etc. Signatures of Weyl semimetals have been observed in MoTe 2 and WTe 2 [4] [5] [6] [7] . Heterostructure devices of TMDCs with graphene, h-BN etc.
enhance the spin dependent properties by proximity effect [8] [9] [10] . In device applications, field effect transistors of MoS 2 and MoSe 2 have displayed high on/off ratios of nearly 10 8 and 10 6 respectively [2, 11] . MoTe 2 in its semiconducting (2H) phase shows Seebeck coefficients of the order of mVK −1 . WTe 2 and MoTe 2 have been reported to have a non-saturating extremely large magnetoresistance [12, 13] . Unlike graphene TMDCs have a finite tunable band gap in visible to near infrared range. In some of the TMDCs like MoS 2 drastic change in the electronic band structure with number of layers leads to a band gap cross-over from direct to indirect band gap. This property is utilized in photovoltaic and optoelectronic device applications [14] .
In the family of TMDCs Titanium disulphide is also a potential candidate for thermopower device applications due to its low thermal conductivity and high Seebeck coefficient. This material is known to be a semimetal in layered bulk form and a semiconductor in the monolayer form [15] . It is extensively utilized in storage batteries as solid electrolyte [16] . It is also known to undergo semiconductor to metal phase transition under pressure [17] [18] [19] [20] . However, the effects of structural anisotropy on the electrical properties and possibilities of tailoring those properties, need a closer inspection. This motivates us to conduct a detailed study on thermal and electrical transport properties of thin flakes of crystalline TiS 2 . Particular emphasis was given to the anisotropic electrical properties via current-in-plane (CIP) and current-perpendicular to-plane (CPP) measurements. We discover an unconventional T
5
dependence of the out of plane electrical resistivity, at higher temperatures, which has not been observed prior to this report. Using ion irradiation induced defects, we were able to induce the T 5 dependence of resistivity in the CIP geometry as well.
II. EXPERIMENTAL DETAILS
High purity single crystal TiS 2 oriented along (00l) planes were purchased from HQ Graphene. The hexagonal unit cell parameters as provided by HQ Graphene were, a = b =0.339 nm, c= 0.568 nm, α = β = 90
• , γ =120
• . Samples used for our experiments were exfoliated from this bulk TiS 2 . For structural characterization XRD measurements were performed using Cu-Kα radi-
Raman scattering studies were carried out in back scattering geometry with Horiba Jobin
Yvon spectrometer which is equipped with T64000 triple monochromator and liquid nitro-gen cooled Charged Coupled Device (CCD) detector. 100× objective was used to acquire
Raman spectra which provides 1 µm 2 laser spot on the sample surface. An Argon ion laser (514 nm) was used with very low power to avoid any damage to the sample due to laser heating. Surface morphology was studied using Field Emission Scanning Electron Microscope (Carl Zeiss -FESEM). Nanoscope IIIA multimode (Veeco) was utilized for tapping mode Atomic Force Microscope (AFM) studies. Au ion irradiation was performed, with energy of 15 keV at normal incidence in high vacuum of the order of 10 −6 mbar.
DC resistivity measurements were performed in CIP and CPP mode using standard four probe technique. The typical sample dimensions were: thickness 100 µm and area 5 mm × 2 mm. Contacts were made using silver paste on the same side of the sample for CIP measurements and on opposite sides for CPP mode ( Fig. 1 (a) ). Closed cycle He cryostat (Oxford Instruments) along with MercuryiTC temperature controller was used for resistivity measurements as a function of temperature. For Seebeck measurements the sample was placed between two thermal blocks (heaters) separated by an air gap of 1 mm ( Fig. 1 (b) ).
Copper wires were used as probes to measure thermal voltage. Contacts were made on the sample using silver paste. Temperature sensors were placed in close proximity to the probes to record the temperature. The sample was electrically insulated from the thermal block using mica sheet. The entire unit was mounted on the dip stick. The dip stick was dipped in a liquid nitrogen dewar for temperature dependent measurements. For both resistivity and Seebeck measurements Keithley nanovoltmeter and Keithely sourcemeter used as voltmeter and current source respectively. Lakeshore temperature controller was used for temperature control. The data acquisition for all the experiments were LabVIEW automated.
III. RESULTS AND DISCUSSIONS
A. Structural analysis XRD spectrum indicates single crystal characteristics with sharp peaks along (001), (002), (003), (004) planes (Fig. 2 ). Peaks at higher angles 47.5
• and 65.1
• , show double lines corresponding to the K α1 and K α2 transitions. The wavelengths of K α1 and K α2 are 1.540 nm and 1.544 nm respectively which are extremely close. The peak at angle 47.5
• is shown explicitly in the inset, where we observe a doublet peak with lesser intensity at 47.65 Electron transport behavior is studied through temperature dependent resistivity measurements. Figure 3 (a) shows resistivity versus temperature in the range 8 − 300 K. In general for a metal like system, resistivity varies with T as ρ(T ) = ρ 0 + AT n , where n depends on the dominant scattering mechanism and A is constant. In the range 8 − 42 K, resistivity varies as T 3 (Fig 3 (a) inset (i) ). The n = 3 dependence (Bloch-Wilson formula) implies that the transport is dominated by s-d electron scattering at low temperatures [23] [24] [25] . For temperatures above 42 K, we clearly observe that the resistivity follows nearly T 2 dependence throughout the range from 42 − 300 K. The best fit curve to our experimental data is for T 1.6 , with fitting parameter ρ 0 = (371 ± 1) × 10 −9 Ωm, A = (192 ± 1) × 10
For clarity we show ρ versus T 1.6 explicitly, with a linear fit in the inset (ii) of fig. 3 (a) .
In case of normal metals, T 2 dependence is attributed to e-e scattering at low temperatures [26] . However, this cannot explain the behavior in TiS 2 for a wide temperature range up to room temperature [27] [28] [29] .
Through careful analysis of the Fermi surface it has been established that the reason leading to T 2 dependence over a broad temperature range is mainly electron-phonon coupling [30] . The electronic band structure of TiS 2 shows a multi-valley band structure [31] , where acoustic phonons assist the transport of electrons across the valley points [17] leading to T 2 dependence of resistivity. Klipstein et al., discuss a detailed study of transport in TiS 2 [20] where n depends on stoichiometry (ρ(T ) = ρ 0 + AT n ). n can vary between 1.6 and 2.3 depending on whether the dominant scattering is inter-valley or intra-valley as a consequence of stoichiometry. Quality of samples can be estimated through residual resistivity ratio (RRR) which is indicative of deviation from stoichiometry. The RRR of our sample is ∼5, which is comparable with the n ∼ 1.6 in case of Ref. 20 . For samples with nearly stoichiometry composition (RRR ∼ 12), n reported was ∼ 2.2 in Ref. 21 . We infer that n depends on the purity of the sample, charge carrier concentration which are decisive factors on whether the mechanism is inter-valley or the intra-valley scattering. TMDC possess anisotropy in structural configuration in the in-plane and perpendicularto-plane directions due to presence of van der Waals gap between the layers. Hence the electron transport ought to be different in the two configurations (Fig. 4) . To study the impact of irradiation on phonon modes we compare the Raman spectra of pristine and irradiated samples (Fig. 9) . In pristine samples we observe two peaks at 230 [40] [41] [42] . These correspond to Raman active modes of E g and A 1g symmetry representations which are vibrational modes for in-plane and perpendicular to plane geometries, respectively. While the A 1g mode is prominent in both pristine and irradiated samples, E g mode occurs with a much lesser intensity. This is due to strong covalent bond between the intra-layer atoms and weak van der Waals force between the layers. After irradiation the intensity of A 1g peak is suppressed and broadened, and E g mode disappears. This implies that irradiation has destroyed the in-plane vibrational phonon modes, but the transverse modes are partially affected. The peak position of A 1g mode at 336 cm −1 in the pristine sample drifts towards lower wavenumber to 327 cm −1 after irradiation. 12
